X-ray of the chest showing the positions of the different catheters in the aorta (Ao), the right atrium (RA), the left atrium (LA), the pulmonary artery (PA), the inferior vena cava (1VC), and the esophagus (Es).
• In the intact animal or man, pulmonary engorgement and edema are generally assessed on clinical and radiographic grounds. In the present study, pulmonary engorgement or a combination of pulmonary engorgement and edema was produced experimentally in anesthetized dogs and an attempt was made to distinguish between the two categories on the basis of measurements of the pulmonary blood volume, the pulmonary extravascular water volume 1 and pulmonary mechanics. The results indicate that simultaneous determinations of the pulmonary blood volume and the extravascular water volume provide a quantitative basis for distinguishing between these two categories.
Methods

PULMONARY ENGORGEMENT VERSUS EDEMA
The method used was the double indicator dilution technique of Chinard and Enns for the simultaneous determination of the pulmonary blood volume and the pulmonary extravascular water volume. 1 It involved the rapid injection of 2 ml of a mixture of equal volumes of T-1824 (Evans blue dye, 0.5/100 ml, Warner-Chilcott Laboratories) and tritiated water (THO), 30 fxc/m], into the pulmonary artery, followed immediately by 10 ml of saline. Blood samples were collected at one-second intervals from the arch of the aorta by allowing the blood to flow freely into test tubes mounted in a rotating turntable.
The concentration of T-1824 in each sample was determined on 0.25 ml aliquots of blood by the method of Chinard and Enns, 1 using a Beckman model DU spectrophotometer. The corresponding concentration of tritiated water in each sample was determined by adding 0.5 ml of blood to 10 ml of absolute alcohol, centrifuging, and then adding 2 ml of the supernatant to 10 ml of a phosphor solution; the radioactivity of each sample was determined using a Packard Tri-Carb liquid scintillation counter.* At maximum efficiency (20 to 25%), the counting time was sufficient to detect at least 10,000 disintegrations at peak concentration for each dilution curve.
Both indicator dilution curves were corrected for recirculation in the usual fashion. From the T-1824 curve the cardiac output and the pulmonary arterial to aortic arch blood volume (PBV) were calculated by the Stewart-Hamilton equations. 2 The mean transit time for THO was calculated in the usual fashion from its time concentration curve. The volume of dilution of THO was obtained by multiplying its mean transit time by the cardiac output. The difference between the volume of dilution of THO and of T-1824 was used as an index of the pulmonary extravascular water space (V THOL ).
EXPERIMENTAL PRODUCTION OF PULMONARY ENGORGEMENT AND EDEMA
Forty-one mongrel dogs weighing 8 to 19 kg were anesthetized with intravenous pentobarbital, 25 mg/kg. They were studied in the prone position, with the forelimbs supported to avoid interference with breathing. A cuffed endotracheal tube was placed to ensure a patent airway and for positive pressure inflation of the lungs to prevent atelectasis (see below). Pulmonary arterial and aortic arch catheters were introduced under fluoroscopic control ( fig. 1 ). After the control indicator dilution study, which was done in duplicate, pulmonary venous obstruction was produced Circulation Research, Vol. XVII, November 1965 by inflating a balloon with Hypaque, 3.5 to 4.0 ml, in the left atrium. This balloon was connected to the proximal lumen of a double lumen catheter (Dotter-Lukas) which had been introduced retrogradely, under fluoroscopic control, by way of the aortic and mitral valves. Left atrial pressure was measured from the end hole of this catheter.
Blood pressures were measured with Statham strain gauges (P23Db). In 11 dogs, the plasma colloid osmotic pressure (COP) was measured either directly by means of a modified Hepp-Brown osmometer, 3 * or calculated* from the concentrations of albumin and globulin in serum determined by electrophoresis. After inflating the balloon in the left atrium to produce partial obstruction to pulmonary venous return, a rapid infusion of isotonic saline was begun into either the inferior or superior vena cava, resulting in an abrupt rise in left atrial pressure and a concomitant fall in COP ( fig. 2 ). The rate of infusion was regulated to maintain a constant level of left atrial pressure for the next hour. The indicator dilution study was repeated in duplicate at the end of the hour, blood samples were drawn for determination of the serum proteins and hematocrit, and the dog was sacrificed either by intravenous administration of potassium chloride or by exsanguination. The lungs were removed, drained passively of blood, and weighed (initial weight). They were then dehydrated by successive immersions in absolute alcohol and in acetone, each for 24 hours, then dessicated in an oven at 40°C for 48 hours, and reweighed (final weight). The water content was calculated as the difference between the initial weight and the final weight.
CLINICAL APPRAISAL
Throughout the experiments, frequency of respiration and tidal volume were recorded. Also, the chest was examined periodically to determine whether pulmonary rales were present. Finally, X-rays of the chest were taken at the end of the experiment and examined for evidence of fluid within the lungs or pleura.
LUNG VOLUMES AND MECHANICS OF BREATHING
The functional residual volume was determined in 18 of the 41 dogs during the control period, and during the period of infusion. The dogs breathed spontaneously but their lungs were artificially inflated (20 to 25 cm H 2 O airway pressure), for three or four breaths every 10 minutes. They breathed 100% oxygen for 10 minutes and the expired gas was collected in a Tissot gasometer. "Alveolar gas" was obtained by manual compression of the thorax at the end of the washout. The expired gas from the Tissot gasometer and the "alveolar gas" were analyzed using an infrared nitrogen analyzer (Nitralyzer).
For the studies of pulmonary mechanics, the rate of air flow was measured with a pneumotachograph having a linear response to 150 liters/min. The volume of air was determined by electronic integration of the flow signal. The transpulmonary pressure was measured as the difference between the pressure at the oral end V THOL ml/kg Graphic summary of pulmonary blood volume (PBV) and pulmonary extravascular water volume (V TH0 ) before and after inflation of the left atrial balloon and hemodUution. Individual values appear on the left; they are summarized and gathered into groups (control; engorgement; engorgement and edema) on the right. of the endotracheal tube and the esophageal pressure which was recorded from a latex balloon on a radio-opaque catheter with multiple perforations. The balloon catheter system conformed to the dimensions and physical characteristics recommended by Milic-Emili et al. 4 It contained 0.5 ml of air during pressure recording, and had a natural frequency of 35 cycles/sec. The catheter tip was placed 2 to 3 cm above the level of the diaphragm so that the balloon occupied the lower third of the esophagus ( fig. 1 ). Pressure volume and pressure flow loops were displayed simultaneously on the oscilloscope of a multichannel electronic photographic recorder (Electronics for Medicine, model DR-8). The slope for pulmonary compliance was obtained from the pressure volume loop by electrical subtraction from the pressure signal of a voltage proportional to the rate of airflow. The slope of airflow resistance was obtained from the pressure flow loop by electrical subtraction from the pressure signal of a voltage proportional to volume.
Multiple recordings were made of the compliance and resistance loops for comparison with the results of the indicator dilution studies. The measurements of pulmonary mechanics were made regularly during the control period and after one hour of infusion; in some animals the 
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measurements were also made at 10 minutes or at 30 minutes after start of the infusion.
EFFECT OF PULMONARY BLOOD FLOW ON VTIIOL
In five other dogs, the cardiac output was deliberately changed to determine whether the measured volume of distribution of THO was modified by changes in its transit time. After double indicator dilution measurements were performed in duplicate, isoproterenol (0.8 /u,g/ml of 5% dextrose) was administered intravenously at a rate of 1 ml/min. During infusion, the double indicator dilution measurements were repeated. After these determinations, the animal was allowed to recover, and an intravenous infusion of 6% dextian in saline was begun in order to correct for the reduction of colloid osmotic pressure which occurred during isoproterenol administration. The dextran solution was infused at a rate of 5 ml/min until 10 ml/kg had been delivered. The double indicator dilution measurements were then repeated. Throughout these transit time studies, measurements of blood pressures and oncotic pressures were made as in the previous experiments to ensure comparable experimental conditions.
Results
PULMONARY BLOOD VOLUME AND EXTRAVASCULAR WATER SPACE OF THE LUNGS
In 41 control indicator dilution studies the PBV averaged 14.4 ml/kg (SD±2.4 ml/kg); the corresponding values for V T no L were 3.5±0.9 ml/kg ( fig. 3 ). Duplicate determinations of the single circulation volumes of dilution of T-1824 (PBV) and tritiated water (V Tn0 ) were made 39 times in 19 animals. In 25 of the 39 studies (64%) the duplicate values of PBV differed from one another by less than 10%; in 33 (85%), by less than 15%; and in 36 (92%), by less than 20%. The variability of duplicate values of V T no was similar to that of PBV. The duplicate values for V T no h varied from each other by less than 2 ml/kg in 90% of the studies. Table 1 Control Relationship between control values of pulmonary extravascular water volume (V TB0 ) and body weight. 
FIGURE
Relationship between pulmonary extravascular water volume (V r//Of ) and actual water content of the lungs. On the left, water content of the lungs is presented as the ratio of the lung weight to body weight at autopsy; on the right, the values for water content of the lungs were determined by drying the lungs at autopsy.
illustrates the reproducibility of the measurements of V TH o L when repeated studies are done in duplicate in the same animal. The results of 37 duplicate measurements in 13 successive animals are presented. The mean percentile deviation between the duplicate values ranged from 0 to 56%, with an average of 15%. The relationship between control V Tn o L and body weight is shown in figure 4 . The relationship is statistically significant (P< 0.01) with a correlation coefficient of 0.697.
PRODUCTION OF PULMONARY ENGORGEMENT AND EDEMA
Pulmonary engorgement was defined in the present study as an increase of PBV in excess of one standard deviation above control values. This increase occurred in 45 studies on 34 dogs following elevation of left atrial pressure by balloon inflation and saline infusion. In 23 studies on 18 dogs, the increase Circulation Research, Vol. XVII, November 1965 in PBV was unaccompanied by any statistically significant increase in V T no L -This group appears in figure 3 as the group with "engorgement"; the PBV averaged 23.4 (SD ±4.7 ml/kg). In 22 studies on 21 dogs, pulmonary engorgement was accompanied by an increase in V THOjj of at least 2 ml/kg; this group is designated as "engorgement and edema." The PBV in this group averaged 22.4 ml/kg (SD±4.2 ml/kg). It is noted that the V TH o L exceeded 5.0 ml/kg in only two of 41 control determinations, and never reached 6.0 ml/kg.
In 33 animals the V TH o L at the end of the test period (inflation of balloon plus infusion) was compared with the water content of the lungs as determined at autopsy (see Methods). The V T HO L averaged 54% of the total water content of the lungs. In figure 5 is shown the relationship between the V-rnoj, and the total lung weight expressed as a fraction of the control body weight. It may be seen that the VTHO L determined preterminally varied directly with the final weight of the lungs at autopsy. This relationship is statistically significant (P<0.01). In this figure the V T i,o n is also plotted against the total water content of the lungs determined by drying. The relationship is statistically significant (P < 0.01).
CLINICAL CORRELATIONS
Pulmonary rales were heard regularly only in those animals with moderate to severe pulmonary edema, as evidenced by a V T eo L greater than 9 ml/kg body wt, and by the presence of foam in the airways at autopsy. In general, the respiratory frequency was higher in those animals with pulmonary edema but was often abnormally high when engorgement alone was present (table 2)-Roentgenologic examination proved to be an unreliable basis for distinguishing between engorgement and edema; roentgenologic signs of excess extravascular pulmonary fluid could not be detected in any of these animals, even in those with severe pulmonary edema.
MECHANICS OF BREATHING
The effects of pulmonary engorgement and of pulmonary engorgement plus edema on the mechanics of breathing were studied in 18 animals. Forty-seven studies were completed successfully in these animals, of which 18 were control measurements; 19 were made in animals with pulmonary engorgement; and 10 were made in animals with pulmonary engorgement and edema.
As shown in table 2, the development of pulmonary engorgement was associated with a doubling of the respiratory frequency and a 30% decrease in tidal volume; the minute ventilation increased by 25%. In the dogs with engorgement and edema, the respiratory frequency was three times as great as control; on the average the tidal volume was lower than in the dogs with pulmonary engorgement alone. The minute ventilation was almost double the control.
In each dog, the functional residual volume and the pulmonary compliance de-creased during pulmonary engorgement. The average decrease was 41% in compliance and 14% in functional residual volume (FRV); the reduction of specific compliance averaged 31% (table 2). In figure 6 , the pulmonary compliance (expressed with respect to the functional residual volume) is related to the V THOr . It may be seen that the decrease in compliance was more striking in the dogs with engorgement and edema. The average fall in compliance in this group was 75%. As in the case of pulmonary engorgement alone, the decrease in compliance was greater than the decrease in FRV, so that the fall in specific compliance averaged 64%. In 5 of the 19 dogs with engorgement alone, the decrease in specific compliance exceeded 50%, overlapping those with engorgement and edema.
The resistance to airflow was measured 47 times in 18 dogs ( 2) . In the 10 studies with engorgement and edema, the corresponding values were 6.3 ± 2.8 for inspiration and 6.1 ± 1.8 for expiration. In 10 dogs, slowing of the respiratory frequency from an average of 70/min to 34/min by administration of additional doses of anesthetic agent at the end of the test period produced either no change or a slight decrease in compliance; in no instance did the compliance increase as the frequency decreased.
The average end expiratory pressure (EEP) in the control studies was -3.2 ±1.5 cm H 2 O. With engorgement alone the EEP increased to -0.7 ± 1.9 cm H 2 O; with engorgement and edema it increased further to +2.2±2.2 cm H 2 O (table 2) .
PULMONARY BLOOD FLOW
Alterations of pulmonary blood flow were induced in five animals, resulting in a shortening of the mean transit time of THO by amounts ranging from 16 to 42£ of the control value (table 3) . The isoproterenol infusion was not accompanied by any appreciable change in left atrial pressure, as estimated by the pulmonary wedge pressure, but was associated with a fall in colloid osmotic pressure; this was corrected by infusion of dextran. The V Tn o rj was unaffected by these alterations.
Discussion
In the present study, partial obstruction of the mitral valve, in combination with hemodilution, was used to produce pulmonary venous hypertension and to promote the formation of pulmonary edema in intact dogs. An attempt was made to determine whether it would be possible: 1) to distinguish between pulmonary engorgement on the one hand and pulmonary engorgement plus edema on the other, and 2) to establish a quantitative index of the degree of pulmonary edema.
In the attempt to distinguish pulmonary engorgement from pulmonary engorgement plus edema, several techniques were applied: 1) the usual clinical appraisal, including the rate and depth of ventilation, the presence of pulmonary rales, and the appearance of pulmonary engorgement on the X-ray of the chest, 2) a comparison of the mechanics of breathing before and after the production of pulmonary engorgement and edema, and 3) the determination of the pulmonary blood volume and the extravascular water content of the lungs, before and during the experimental procedure using the double indicator dilution technique of Chinard and Enns. 1 In order to determine whether the double indicator dilution technique provided a reliable index of an abnormally large water content of the lungs (pulmonary edema), the value obtained for the extravascular water content shortly before death was compared with the total water content of the lungs determined at autopsy by weighing and drying.
As standards of reference for the evaluation of these techniques, two criteria were used to distinguish between pulmonary engorgement per se and pulmonary engorgement and edema. First, from the nature of the experiment (partial occlusion of the mitral valve, pulmonary venous hypertension and hemodilution by infusion), it was clear that each test animal had pulmonary engorgement; this conclusion was supported by the increase in pulmonary blood volume which was noted in every case. Secondly, since a reliable definition of pulmonary edema could not be made in life, the water content of the lungs at autopsy was used as reference. Using these criteria, it was found that clinical grounds (summarized above) were only useful in recognizing pulmonary edema when it was massive and fulminating. The mechanics of breathing also afforded the clearest recognition of pulmonary edema when edema was far advanced. On the other hand, the extravascular water content of the lungs deter-mined in vivo by the double indicator dilution method, was shown to be a reliable method for detecting abnormal quantities of water in the lungs.
Chinard and Enns 0 reported that the extravascular water content of the lungs (V Tn o r ,) in normal anesthetized dogs averaged 3.73 ml/kg (SD±1.22 ml/kg). The present study confirmed these normal values (avg 3.5 ml/kg, SD±0.9 ml/kg and indicated that a V.,.,1,,, of 6 ml/kg, or greater, was evidence for an abnormally large water content of the lungs in the dog. In addition, the present study extended the observations of Chinard and Enns in two other ways: 1) the V TH o rj was shown to increase linearly with the total water content of the lungs and to correspond to approximately 50% of the total water content of the lungs at autopsy and 2) the Vriior, was s h°w n to be independent of wide variations in the rate of pulmonary blood flow, suggesting that it will provide a meaningful index of the water content of the lungs not only in normal subjects but also in patients with the slowed circulation and low cardiac output of heart failure. Relationship between average transcapillary pressure gradient (P LA -COP) during study period and extravascular lung water measured by indicator dilution (V TI10 ) at end of study, compared with control values. 
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The mechanics of breathing failed to provide a clear distinction between pulmonary engorgement per se, and pulmonary engorgement with edema. In accord with the observations of others, 0 " 10 pulmonary edema generally reduced pulmonary compliance more than did pulmonary engorgement per se, but the results were inconsistent. Moreover, airway resistance was little affected by engorgement or edema until the edema was apparent clinically, i.e., bubbling rales and foam in the airways. The present study provided no fresh insights 11 into the mechanisms by which pulmonary engorgement and pulmonary edema affected the mechanical behavior of the lung.
Guyton and Lindsey 14 have demonstrated that the movement of water across the pulmonary capillaries seems to follow Starling's law of transcapillary exchange. During a period of three hours they could not demonstrate any accumulation of water in the lungs as long as the left atrial pressure was less than, or approximately equal to, the estimated plasma colloid osmotic pressure. On the other hand, when left atrial pressure exceeded oncotic pressure, the accumulation of lung water was related linearly to the pressure gradient. Lung tissue pressure was discounted as a significant influence on the rate of formation of pulmonary edema. Although the results of the present study (table 4, fig. 7 ) are consistent with these findings, they are not conclusive because of the relatively few measurements and the brief duration of the test period.
The anatomical boundaries of the V TH o L are uncertain except that they are extravascu- +28.5 V TH Q : pulmonary vascular water volume measured by indicator dilution. P LA : left atrial pressure. COP: colloid osmotic pressure calculated from electrophoretic values for albumin and globulin (dogs 27 to 40) or determined by Hepp osmometer (dogs 42 to 50). P LA -COP: pulmonary transcapillary pressure gradient. *One hr values represent average of multiple measurements of P I/A and COP during study period, and average of duplicate determinations of V TH0 at end of study period. lar. Also, the values for V THOL in the dog (avg 3.5 ml/kg) are less than those for pulmonary "tissue volume" (avg 5.8 ml/kg) obtained by Sackner et al. 12 using a nitrous oxide plethysmographic method in human subjects. An explanation for this discrepancy must await further definition of the anatomic boundaries corresponding to the volume of distribution of each of these indicators. 13 
Summary
The present study has attempted to establish a reliable method for distinguishing quantitatively between pulmonary engorgement and engorgement plus edema. Pulmonary engorgement was produced in intact, anesthetized dogs by inflating a balloon in the left atrium followed by saline hemodilution. Hemodynamic events monitored included left atrial and pulmonary arterial pressures, and the colloid osmotic pressure. Clinical criteria, such as the rate and frequency of breathing, the chest roentgenogram, and the presence of audible rales, failed to distinguish reliably between engorgement and edema. The mechanics of breathing were more severely altered by engorgement and edema than by engorgement alone, but considerable overlap was present. Determination of the pulmonary blood volume and the extravascular water space of the lungs, by means of simultaneous T-1824 and tritiated water dilution curves, as described by Chinard and Enns, was a reliable method of detecting and quantifying pulmonary edema. The water space measured by this technique averaged 3.5 ml/kg body wt in normal, anesthetized dogs. It correlated well with the total lung water content determined at autopsy, measuring a constant fraction (approximately 50%) of the total lung water content, even in the presence of severe pulmonary edema. According to the results of the present study, pulmonary edema could be predicted reliably at autopsy when the extravascular water space was 6.0 ml/kg of body wt or greater.
